The Notch pathway is a widely studied means of to the protein target via the E3 ubiquitin ligase. The E3 ubiquitin ligases are responsible for conferring target or intercellular signaling responsible for the determination of cell fate, cell differentiation, and substrate specificity.
nent of the N pathway, may also be to target proteins for ubiquitination. neu was first identified as a recessive loss- mans reveals the presence of two neuralized homology repeats (NHR) and a conserved carboxy-terminal C 3 HC 4 -type RING finger, suggesting that these regions may be important functional domains within the protein ( Figure  1a ) [10] . Interestingly, recent findings have shown that
Results and discussion
RING finger domains of the type found in Neu may Ubiquitination has been shown to be an important mechafunction as E3 ubiquitin ligases [11] , raising the possibility nism utilized by the cell to regulate many different events that Neu also functions in the ubiquitination pathway. such as proteolysis, protein degradation, cell cycle control, and receptor-mediated signal transduction [3] [4] [5] . Polyubiquitination of proteins involves a series of enzymatic reacTo determine if the RING finger domain of Neu is functionally important, we generated transgenic flies that extions involving E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases [3] .
pressed two specific Neu deletion constructs. The first construct deletes the C terminus from amino acid 656, Free ubiquitin molecules are covalently attached and are passed from the E1 enzyme to the E2 enzyme and finally thereby removing the RING finger (T22). A second con- struct deletes the NHR regions (amino acids 59-427), throughout the cytoplasm (Figure 2c ). Similar membrane localization of T22 and cytoplasmic localization of T42 leaving the RING finger intact (T42). These constructs, as well as one expressing a wild-type neu transgene, were was observed in third instar salivary glands (data not shown), indicating that this effect is not tissue specific or Myc-tagged and placed under the transcriptional control of the GAL4/UAS system and were used to generate dependent on Notch signaling. Taken together, these data suggest that wild-type Neu is localized to the plasma transgenic flies (Figure 1b) . membrane and that the NHR regions of the protein are required for proper localization. As previously shown, expression of a full-length Myctagged neu transgene using the scabrous-GAL4 line (which is expressed in proneural clusters in third instar wing
The Myc-tagged constructs were then tested to determine if they could rescue a null neu mutation (neu
IF65
). Specifidiscs) revealed that full-length Myc-tagged Neu (T6) is localized at the plasma membrane (Figure 2a, [9] ). This cally, we wanted to determine if the RING finger domain is required for Neu function. Using a patched-GAL4 line plasma membrane localization is also seen in third instar salivary glands [9] , where N signaling has not been shown to drive expression during embryogenesis, we found that both a wild-type neu construct and the full-length Mycto be active, suggesting that the localization of Neu is not influenced by N signaling. Transgenic flies that expressed tagged neu construct (T6) were able to partially rescue neu IF65 embryos ( Figure 3 ). Whereas neu mutant embryos a truncated form of the protein containing only the N-terminal 655 amino acids but lacking the RING finger (T22) are characterized by a hypertrophy of the nervous system, the nervous system in rescued embryos was less exwere also found to localize the Neu protein to the plasma membrane ( Figure 2b ). In contrast, a Neu construct in panded, and some fasciculation was restored (Figure 3d ). The extent of rescue obtained with the Myc-tagged conwhich the two NHR regions have been deleted, leaving the RING finger domain intact (T42), was distributed struct was equivalent to that observed with a wild-type Neu localizes to the plasma membrane. (a) scabrous-GAL4 expression of full-length Myc-tagged Neu (T6) shows protein localization at the plasma membrane in a third larval instar imaginal wing disc. (b) Neu protein that lacks the RING finger (T22) is also localized at the plasma membrane. (c) In contrast, the Myc-tagged RING finger domain (T42) is found throughout the cytoplasm. All panels show anti-myc staining in red and anti-␣-spectrin staining in green. Immunocytochemistry was performed as described previously [17] . Primary antibodies anti-␤-spectrin, 1:100 (D. Branton). FITCwere obtained using a Leica confocal were used at the following dilutions: mouse conjugated donkey anti-rabbit and Cy3-microscope and a PC computer running anti-22c10, 1:10 (hybridoma bank); mouse conjugated donkey anti-mouse (Jackson Labs) Scanware (Leica). Pseudo color was added anti-myc, undiluted (hybridoma bank); rabbit were used at 1:200. Confocal images to confocal images using Adobe PhotoShop.
neu construct, demonstrating that the presence of the Myc anti-neurogenic phenotype. That is, the nervous system was greatly reduced in neu mutant embryos rescued with tag does not alter the function of the protein ( Figure  3c ). The failure to obtain complete rescue with either this construct. In mutant embryos expressing this construct, the Neu protein is distributed throughout the cytoconstruct likely reflects the fact that the ptc-GAL4 line used to drive expression does not completely mimic neu plasm, suggesting that the RING finger must be localized to the plasma membrane to rescue neu activity and that expression during embryogenesis. The N-terminal construct (T22), which lacks the RING finger domain, was the NHR domains of the protein are required for this localization. This result is comparable to those obtained unable to rescue neu mutant embryos, despite the fact that the protein was expressed and localized to the plasma in ectopic expression studies using various Neu constructs [12] . That is, ectopic expression of a RING finger-only membrane. This suggests that the RING finger domain of Neu is required for activity of the protein. Consistent construct caused phenotypes suggestive of a hypermorph in some N-dependent developmental paradigms. with this, we found that Neu constructs that retain the RING finger domain (T42) but lack the NHR domains also fail to rescue neu mutant embryos and appear to Further evidence that the RING finger domain is functionally important for Neu activity comes from sequence behave as gain-of-function mutations, giving rise to an
Figure 3
The Neu RING finger domain is required for function. Using anti-HRP antibodies, which label the nervous system of embryos, both (c) wild-type neu and (d) full-length Myc-tagged neu expressed under the transcriptional control of the ptc-GAL4 driver can partially rescue the neu IF65 neurogenic phenotype (compare with wild-type and neu
IF65 embryos in [a] and [b]). (e) A Neu construct that lacks the RING finger domain (T22) is unable to rescue neu
IF65 mutant embryos, (f) while rescue by the RING finger domain (T42) yields a gain-of-function-like phenotype. (g) Introduction of the C701S mutation into the fulllength neu construct (T6) also fails to rescue neu mutants. For these experiments, Myctagged neu constructs under UAS control were introduced into flies by standard P element-mediated transformation [18] . The C701S mutation was generated using the Quickchange method (Stratagene) and was confirmed through sequencing. Several independent lines on each chromosome were generated for each construct, and two of these were tested in the rescue assay. Data are shown for one representative line for each construct. analysis of an EMS-induced neu allele. neu EMS1 fails to complement other known neu alleles and gives rise to an embryonic neurogenic phenotype. Genomic sequence analysis of neu EMS1 revealed a single point mutation within the coding region that would give rise to a truncated protein due to the introduction of a premature stop codon at amino acid 458. This mutation would be expected to give rise to Neu protein lacking a functional C-terminal RING finger.
The recent finding that RING fingers may confer E3 ubiquitin ligase activity suggested that Neu may also function in this manner. To directly test this possibility, the following GST fusion proteins were made: a full-length GST-Neu protein, GST-Neu⌬RING (Neu N-terminal region from amino acids 1-423 that lacks the RING finger domain), and GST-NeuRING (Neu protein from amino acids 631-754 containing the RING finger). A fourth fusion protein consisting of the RING finger domain with a cysteine to serine mutation in the absolutely conserved cysteine residue at position 701 was also made (GSTNeuRINGC701S). These fusion proteins were then tested in an in vitro assay that measures the ability of a protein to catalyze the formation of multiubiquitin chains in a reaction containing E1 and E2 enzymes, ubiquitin, and ATP. The addition of a protein with E3 ubiquitin ligase activity (as a GST fusion protein) leads to polyubiquitination of the GST-E3 fusion protein that can be detected by probing Western blots with anti-ubiquitin (Figure 4) . In this assay, both the full-length GST-Neu (Figure 4a , lane 2) and the RING finger domain GSTNeuRING (Figure 4b , lane 2) had E3 ligase activity, as revealed by the presence of polyubiquitinated products. Reactions lacking the essential E2 subunit do not contain Neu functions as an E3 ubiquitin ligase. GST-Neu fusion proteins were polyubiquitinated proteins, nor did those containing GST generated and tested for ubiquitin ligase activity. In both panels, alone, demonstrating the specificity of the activity con- and that this activity requires the RING finger domain.
that this conserved cysteine is required for RING finger function. The in vitro ubiquitination assays containing 0.6-1.0 g GS-bound GST-Neu fusion proteins, 2 l bacterial lysate containing UbcH5b
Finally, to further demonstrate that the RING finger is (a gift from Kazuhiro Iwai), and 500 nM yeast E1 (Affinity UW 8545) essential for Neu activity in vivo, we introduced the were carried out as described by Lorick et al., 1999 [11] . The reaction mixture was resolved by SDS-PAGE, and ubiquitinated C701S mutation in the RING finger into the UAS vector proteins were detected by Western blot analysis using monoclonal carrying the full-length Myc-tagged Neu (T6). As shown anti-ubiquitin antibody (CHEMICON MAB1510).
in Figure 2 , the wild-type version of this construct expresses Neu at the plasma membrane (Figure 2a ) and is capable of rescuing neu mutant embryos (Figure 3d ). We predicted that if Neu also functions as an E3 ubiquitin in vivo and that this would result in a lack of rescuing activity. Indeed, when the C701S mutant was introduced ligase in vivo, then the C701S mutation that abolishes activity in vitro would also lack ubiquitin ligase activity into neu mutant embryos as described earlier, the UAS- While there is increasing evidence that RING fingers can directly bind to E2-conjugating enzymes, not all RING
